Energy Deposition Issues in VLHC July 19, 1999

Energy Deposition Issues in VLHC

28 June 1999

J.B. Jeanneret
CERN, Geneva, Switzerland

JBJ, VLHC Annual Meeting 28 June 1999 page 1



Energy Deposition Issues in VLHC July 19, 1999

Beam losses
— Define class of losses
— Quench levels

— Loss / Quench levels» Excess loss factor

Collimation
Tentative specification and optics
Efficiency calculation
Ring Aperture considerations

Experimental results at 120 Gev

Downstream of experiments beyond focusing quadrupoles

Conclusions
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Class of Losses

Single Pass, hard local losses

— kicker errors, injection mismatch or dump failures. Need (sometimes heavy)

dumps. Not discussed here.
Momentum losses at ramping
Inelastic interactions (beam gas & collision)
Elastic interactions (beam gas & collision)

Dynamic losses
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Losses at ramping

Off-bucket protons are not accelerated (phase error & longitudinal diffusion)

Their$, decreases continuously

A flash of losses occurs soon after the beginning of the ramp

The duration of the flash is between 1s and 1mn (depen(ﬂ%/cﬂs’l)

AN— — 5 x 1012 protons  High B

RE 4 x 1013 protons Low B
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Inelastic Interactions : pp in collision

Power deposition is

P = Eproton X L£ X Oinelastic = 51012 x 1.6 10719 x 10%* x 1.31072° (2)

= 10* Watt (3)

Most of this power goes in the triplet of quadrupoles on each side of the experiment
Need protective shielding and specific R&D for the quadrupoles.

Not discussed here.
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Inelastic Interactions : p-Residual Gas along the ring

e Cold machine with beam screen: (LHC after some clean-up time by SR)

POz —equ = 6 107 atoms cm™° <=>p = 1.7 10~ Torrwarm equ. (4)

Lyg = Nppgasc = 1.810°? ecm s~ <=> 7 = 400hr witho,_o, = 0.5 bar
(5)

e Warm machine, baked and without SR = 3 10~ ! Torr
With SR, VLHC estimation :

p=3 10~ 1% Torr <=> 7 = 2000hr
Full ring integrated:

10'4/1.310° ~ 108p/s High B

(7)
1.2101%/710% ~ 210%p/s Low B

Nbg — Nstored/T —

Loss rate per meter of vacuum chamberagg < 103p/m/s. Local power deposition
Is thereforep < 8 mW/m.
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Elastic Interactions

pp in collision Differential cross-sectiofic /dt ~ exp(—bt) ~ exp(—62/02)

With b = 20 Gev~2, 6, = 5 urad, to be compared to the beam divergence at thg
collision pointe’* = 10 urad.

0,, < o'* <=> protons are recycled, no harm
pp

p-Residual Gas With b, _ o, = 90 Gev~2, 6, = 2 urad, whiles’,,.. = 0.3 prad.

arc

With 6,,, /o’ ... = 7, scattered protons feed the halo (delayed losses). Rates arg
obtained witho; = 040t /3 = 140 mb andNy,, = L,0.;.

4 x 10" p/s HighB
7x 10" p/s LowDB

Ny =
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Dynamic losses

e Not really predictable — related to dynamic aperture and beam-beam control

e Use operational approach: adjust;,, .4 such that

Ndyn < Ncollision — 2*C'noww'nalO-pp = 2.6 X 109 p/s (9)

e (Otherwise said: a good high luminosity pp collider is a collider which satisfies this
condition)
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Summary for Losses
1. Single Pass/local losses> Local dumps
2. Transient LossesMostly RF at injection energy

5x 102 p HighB
4x1013p LowB

ANgp =

=> MOMENTUM COLLIMATION

. Steady Losses in collision
a) P = 10kW on each triplet. Need protection + R&D for triplet quadrupoles

b) Dynamic + (beam gas losses)

N = Ngyn Ny, ~ 3 x 10° p/s  High & Low B (11)

=> BETATRON COLLIMATION
Further discuss 2) and 3b)
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Quench levels and beam losses

QUENCH : local energyAQ, (transient case) or power depositidr, heat the
coil up to the critical temperaturg. .

EstimateAQ), [Jcm_S] andW, [Wcm_?’]

Simulate the map of energy deposition of a proton impacting the vacuum at graging
angle. Extract the largest valééJ(m)cm™°] in the coil (taking into account the
effective shower lengtlh..;,,.,,r ~ 1 M in case of longitudinally distributed

losses).

Convert quench power or energy to a number of protons (per meter) to quench

AQq Wq

A

AN, = (12)

- or Ny =
€ €
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Superconducting cable — schematic — see next slide
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Quench limits in NbTi coils - LHC values

e Transient:
Limit given by the static heat reserve inside the conductor./zQr, > 0.1 S,
contribution of the trapped helium can be taken into account.

AQ, is obtained by integrating the heat capacity of the coil components

e Continuous:
Heat transfer across the insulation of the conductofifet 7. — Need
measurements on prototype coils

Quench Limit
3TeV AQ,=0.35 [J cm ™3] TRANSIENT
50TeV W, =5.010"3 [Wcm~3](Saclay) CONTINUOUS
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Peak energy depositiore per proton in the coil of LHC type
magnets= High B VLHC

e Impact of primary proton of energl at betatronic angle

e CASIM simulation at .45 and 7 TeV

e Inter-Extrapolation LHC— VLHC with é ~ E'In5.2F (need new simulation)

Beam energy  Peak energy density  Relative peak density
E € é/€(.45) TeV
[TeV] [J m cm ™3]
45 0.14 x 10—10 1
3.0 x 10710 21
7 9.2 x 10710 67
50 100 x 10—10 730

In the low-field option, the energy depositiéiper proton in the coil is smaller (see nexi
slide). From N.Mokhov £(3 TeV) = 4.2 - 10~ 12 Jcnt3m. At collision low-B=
high-B (see slide 26).
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Tranverse shower in two kinds of magnets - schematic

High-Field Low-Field

In the high-field magnet, the coil is near the impact point, while in the low-field mag
the insert holding the upper and the lower halves of the yoke makes an efficient
protection.
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Compute an excess loss factor

and Dh?ss

‘A@
ConsiderRF at ramping at the worst case at injection

Consider steady losses at collision as the sole case (see below for margin factc

In both casexl?%% > 1 => losses concentrate at a few aperture limitations

turns

Use few = 1 (slightly conservative)

protonss—1! protonss—!(m~1)
Injection -Low B ANz= = 41013 AN, = 7100
Injection - HighB ANz = 5102 AN, = 1.2 107
Collision Nipss = 310° N, =510°

Clear need for collimation — betatronic and momentum

JBJ, VLHC Annual Meeting 28 June 1999 page 15



Energy Deposition Issues in VLHC July 19, 1999

Basic arguments for Proton Collimation

Halo protons migrate slowly (transverse or longitudinal)
— Alocalised interception system will therefore do the job

Need approximate circular primary collimation (norm.coord), see next slide

Slow migration= small impact parameters.
Outscattered fraction is largey 30% )
— Therefore need secondary collimators

Aperture is expensive
Shall not waste it with a large secondary halo
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Collimation without skew: loss fluctuations

vertical
collimator )
coupling

diffusion horizontal
collimator

July 19, 1999

In a perfectly decoupled optics, transverse diffusion by amplitude growth is dominarjtly

radial in the plane of (invariant-)amplitudels, — A,. Whenever coupling sets-up, the
area between the circle and the square is emptied dutipg,;in,. These fluctuations
of losses are avoided by using a skew primary collimator in addition to H and V oneg.
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Specification for Betatron collimation

With primary collimators at depth; o3 and secondary at>o g, keep the size of
the secondary hald ;. ~ no

With nearly isotropic scattering at the primary collimator, need several
secondary/primary.

Realistic compromise is 3 primaries and 12 secondaries

Need an insertion which satisfies different correlated phase advances for each pair
primary-secondary

Such an insertion provideds.. < 7.6 withng =7
(H&Vonly: Asee = 8.5, H& V and optics not optimised Ase. > 10)
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Table 1: Correlated phase advances and u, and X — Y jaw orientationsc j,., for three
primary jaw orientationg and four scattering angles. u, = cos™ * (n1/ns).

@ Hx Hy & Jaw

0 Lo - 0
7r - 0
/2 Lo
—7/2 -Lbo
/4 /4
/4
/4
/4
/2
/2
/2 — o
/2 + o
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mom. coll.
mom. coll.
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Betatron Collimation - Spec. continued

e Such an optics yet to be studied

e Needs a straight section with,; , ~ 4 — 67
(InLHC , limited to~ 27w — Agec = 8.6)

e At50TeV ,o3 ~ 0.07 mm, while CO do not scale with energy.
Shall expect CQps =~ 0.5 mm and CQ.q > 2 mm

e — A dynamic closed orbit control a 0.01 mm is therefore mandatory in
collimation insertions

e Needs warm or superferric magnets ( Power deposition is several kWatts)
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COLLIMATION - EFFICIENCY CALCULATION (K2 code)

Collimation efficiency - schematic

secondary halo

primary halo
primary beam

At the left, a primary jaw, followed by two secondary ones (many of each in a real cgse,
see slide 19). The inefficiency is obtained by integrating the tertiary halo at an apertjire
limitation made by a welding offset of the pipA{ = 1 mm). The aperture at the step

IS a variable.
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COLLIMATION EFFICIENCY CALCULATION (K2 code)

PA, pp & pn Elastic and Single Diff. Scattering, Rutherford & m.c.s in collimators

Multiturn tracking until absorption, in a collimator or at a variable aperture
limitation A,y 4

Get 4D-tertiary halo density & A,.;,,4 as

1 d*N

Compute the acceptance of a vacuum chamber step (Nged 1 mm)
a(fixafayalixaliy>

Get a relative loss rate inefficiency)
Ncoll = ffffjo p(Az, Ay, o, ply)a(Az, Ay, s, py )d Az dAydpg diy

ring

Useni; = 6, neo = 7 (with LHC emmitance)
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Tertiary normalised amplitude distribution at 50 TeV

Used LHC betatron collimation insertion (nearly optimum)
Relative Integral : 123/500°000 = 2.5e-4

dn/da 50TeV ——

L |

10

L
20

30

arc

(Ormes(IAcy) = 0.9 prad, 05t = 2prad, o), = 0.3 prad)
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Normalised amplitude acceptance of a pipe step (1mm) at 50 TeV

orm. amplitude acceptahce >75
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COLLIMATION EFFICIENCY — RESULTS

A_ring [Opg units]

LHC (VLHC)
7.5 (15)

1/Excess Loss Factor

8 (16)

\

20 40

n ([m1i])

(o))
o
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Estimated Margins at A,.;,, = 20 (VLHC o3 units)

Beam Energy  Margin Facten = #
3 TeV 50 Low Field option
3 TeV 8 High Field option

50 TeV 13

At 50 TeV, the aperture limitation will most likely be in experimental insertions,
not in the arcs, therefore low-B/high-B machines have similar limits.

Margins are> 1 but not high. At 50 TeV at least, good margin is mandatory to
absorb fluctuations of losses around average.

— Need optimum collimation insertion.

— Need careful aperture specification and studies.
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Geometrical Aperture (LHC dipoles)

y A

Aw,y - Copeak+T0Lmech.—|—align+D'5p+(dsep) =~ 3+ ~ 34+ ~ 4 ~ 10 mm
(14)

VLHC :
3 TeV :2003 >~ 6 mm
50 TeV (2003 ~ 1.4 mm

— Aperture Dominated by Geometry
— Choose normalised aperture with adequate margin
— Fix total margin in mm ?
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Normalised primary aperture nq(s) in collision insertion at
Injection

|

Systematically used in optics studies and matching
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(A remark about VLHC/LHC normalised guantities)

LHC normalised emittancee,, = 3.75 um
VLHC normalised emittancez,, = 1 um

While collective effects ( say beam-beam ) scale with~ /€ , magnetic errors
do not

Must be careful in comparisons between the two projects
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A collimation experiment at 120 GeV in the SPS

== PMS5S

|
HC-2°| VC

D 51710

Three horizontal collimators (HC-i) (PRIM-SEC-TER) + One vertical

120 GeV coasting beam made to diffuse with noise in a damper
Measurement of the inelastic rates in all collimator with scintillators
Fixn; = 12 (PRIM) ,n3 = 18 (TER - Simulates a ring aperture limitation)
Vary no = [12, 25] (SEC)

Compare to K2 (+GEANT) simulations
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Experiment at 120 GeV — Results

e Dots : data, Grey areas . K2 simulation, = 12, n3 = 18, ¢, = 3.75 um
e Multiturn effect clearly visible

e Worst relative difference data/simulation : 40%

Secondary retraction (n;)
11.0 13.0 15.0 17.0 19.0 21.0
1.000 —

0.010

Thesis of Nuria Catalan Lasheras (now at BNL), to be published
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Single Diffractive losses in collision 50+50 TeV

do/d &, [mb]

1019 5 - 10 -10 Stay in the bucket

O hunch = 2 10 >
Momentum

7
10 —
/ collimation
> -3

1047 ring =1.610
«<—— Dispersion suppressor

0
10 | 9 6 | 3 | 0 6
10 10 10 10 10

P

¢ Differential cross-sectio% = agpd With 6p = [bcut = i, 0.15] and
asq = 0.7 mb, integralo,4 = 15 mbarn at VLHC.

e With increasings = E%M only ..+ changes

e Look at losses in the dispersion supressor - next slide
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Single Diffractive losses in collision - continued

It can be shown that with a constant pipe section and a centered beam, the losses f
meter in the dispersion suppressor are given by

/
Neqg = Lagg— with D in meter

Using(D’/D)mar = 7 x 1072 m~! (the LHC value)

Neg = 5 x 10° proton s~ 'm~1! (16)
compared to a quench limit

Nng = 5 X 10° proton s tm™1! (17)

With unavoidable orbit and mechanical errors, the quench limit is passed.

POSSIBLE CURE : Build a dispersiab ~ 0.5 m in the straight section (outside the
central part), collimate at ~ 2003 thus making a cut af, = 2 x 103,

— Might need longer straight sections (and interbeam distance: 0.5 m)

— Would allow Single diffractive experiment.
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Summary

Need optimum multiturn Betatronic and Momentum Collimation
Collimation efficiencies look barely adequate — refine calculations first
Collimation optics specified but not yet existing

Single Diffractive losses downstream of experiments need local momentum
collimation — would allow Single Diffractive Physics

need long straight sections in both Collimation and Experimental Insertions
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